■ INTRODUCTION
The prototypical conjugated polymer poly(3-hexylthiophene) (P3HT) is widely used in organic electronics and photovoltaic applications. 1, 2 For the optimization of such devices, it is of key importance to understand the electronic structure of the excited states in films and nanostructures as well as the relation between electronic structure and sample morphology. Generally, in condensed phase the nature of excited states in P3HT is determined by an interplay between intrachain and interchain coupling, which strongly depends on processing conditions, molecular weight, and regioregularity, among other factors. 3−6 For instance, neat P3HT films usually exhibit H-type behavior with excitations possessing predominantly interchain character, whereas P3HT nanofibers were shown to exhibit H-type or Jtype behavior (excitations with predominant intrachain character) depending on molecular weight and experimental conditions (pressure, temperature). 7−10 To precisely predict and model the nature of excited states of P3HT in condensed phase, a clear discrimination of intra-and interchain effects is therefore required. Often this discrimination is based on changes of optical spectra of films and nanostructures with respect to the spectra from disordered ensembles (usually dilute solutions). 3, 6, 11 This approach, however, should be taken with care: There are in many cases discrepancies between disordered ensemble and single-chain photoluminescence (PL) spectra of P3HT, even if measured under essentially identical conditions. 12−14 Since single-chain spectra should represent the properties of isolated (noninteracting) chains, this observation indicates some influence of interchain effects in disordered ensembles. Yet, there are also strong discrepancies between different single-molecule studies on alkyl-substituted polythiophenes, and essentially all studies suggest PL at different photon energies (often simultaneously). 12−17 In general, PL at energies below 16 500 cm −1 (2.06 eV) is ascribed to originate either from sites with planar backbone and thus large conjugation length ("red sites") or from ordered π-stacked aggregates.
12−17 PL around 17 500 cm −1 (2.19 eV) is attributed to single polythiophene chains that possess what is usually called solution conformation ("solution sites"). 12,15−17 Rarely PL between 18 400 and 19 300 cm −1 (2.28−2.38 eV) was observed ("blue sites"); that is thought to stem from sites with particularly short conjugation length. 13−15 An extraordinary case was the observation of PL spectra that are continuously spread over an extremely wide range (20 650− 12 800 cm
; 2.58−1.60 eV). 12 Also, the degree of regioregularity strongly influences PL spectra: 13 The fraction of "blue site" PL is higher for single regiorandom chains, whereas highly regioregular chains feature predominantly "solution" and "red site" PL, which was related to their more ordered and folded conformation and enhanced intrachain energy transfer. 17 These discrepancies arise from the fact that both ensemble and singlemolecule studies were often performed on chains with high molecular weight (>50 kDa, sometimes >150 kDa), which are prone to formation of π-stacked aggregates even in "good" solvents, such as o-DCB or THF. 18, 19 Furthermore, chains with molecular weight larger than ∼10 kDa may exhibit back-folding of the backbone, which is another factor for aggregate formation. 20−23 Here we aim at resolving these conflicting observations and at unravelling the intrinsic properties of the emitting species of P3HT chains by employing low-temperature single-molecule PL spectroscopy (see Supporting Information for technical details). On the basis of these data, we develop a comprehensive picture of the spectral changes observed from isolated chains to disordered ensembles and finally ordered π−π-stacked structures. We investigate P3HT samples with 16 and 144 repeating units (P3HT16, M n = 2.6 kDa and P3HT144, M n = 24 kDa), respectively, low polydispersity (<1.17), and high regioregularity, that were synthesized via catalyst transfer polymerization 24 (see Supporting Information, Figure S1 , for details and room temperature solution spectra). The two extreme examples of very low and high molecular weight samples were selected to study spectral features from nonfolding (stretched chains) and possibly folded chains. 22 For single-molecule spectroscopy the P3HT samples were diluted in the good solvent chloroform down to nearly single-chain level (15 nM) . To ensure that we exclusively observe isolated chains and to provide a matrix, we further diluted this solution by a factor of 50 (v/v) using n-hexadecane, a common host in single-molecule studies. 25−27 A drop of the P3HT/nhexadecane solution was then pipetted onto a quartz substrate, shock frozen in liquid nitrogen, and cooled to 1.5 K. From each single chain we recorded sequentially up to 500 individual spectra with an integration time of 1 s using a home-built confocal microscope. A single-chain spectrum is created by partial temporal averaging of these 500 spectra using a pattern recognition algorithm to improve the signal-to-noise ratio (see Figures S2 and S3 ).
■ RESULTS AND DISCUSSION
Two representative single-chain spectra of P3HT16 and P3HT144 are depicted in Figures 1a and 1b . Both spectra show a prominent and narrow zero-phonon line (ZPL) due to the purely electronic transition, which is located at 18 897 cm −1 (2.34 eV) for P3HT16 and at 19 030 cm −1 (2.36 eV) for P3HT144; the corresponding ZPL widths are 32 cm −1 (4 meV) and 40 cm −1 (5 meV, full width at half-maximum, fwhm), respectively. At lower energies the ZPLs are accompanied by broad, structureless phonon side-bands (PSB), which indicate only weak electron−phonon coupling to low-energy vibrations of the host material. 28 Moreover, up to seven less intense sharp lines appear that can be attributed to various intramolecular vibrational modes of P3HT ( Figures S2 and S3 ). This vibronic structure is independent of the chain length and highly reproducible from chain to chain. The only significant differences between the single-chain spectra of P3HT16 and P3HT144 are the more pronounced PSB and the typically brighter emission signal of the longer P3HT144. Interestingly, for both P3HTs we very often find only a single ZPL in the spectra. Hence, there exists only a single emitting site per chain, In both histograms the widths of the narrowest ZPLs are determined by the spectral resolution of our setup of ∼10 cm −1 . The ZPL widths are about 3 orders of magnitude broader than the corresponding lifetime-limited value of about 0.01 cm −1 given an excited state lifetime of ∼0.5 ns. 13, 30 The additional line broadening is likely to be caused by fast unresolved spectral diffusion processes, i.e., by random spectral jumps of the emission line due to structural fluctuations in the local environment of the emitting site (see Figure S2 ). Because these processes occur on all time scales, they give rise to a substantial broadening of the recorded ZPLs as shown recently. 29, 31, 32 Such pronounced spectral diffusion is characteristic for a disordered guest−host system. 29,31−34 Therefore, these data suggest that the random entropic conformation of isolated P3HT chains in chloroform solution is transferred to and frozen in the n-hexadecane host at 1.5 K, which is forced to form (at least locally) a disordered matrix around the P3HT chains. In this context, we stress that the solvent quality does not influence the conformation of a polymer chain on length scales of the persistence length. 35, 36 For P3HT the persistence length is ∼8 repeating units, 37 which approximately corresponds to the effective conjugation length of the emitting sites. 38−43 Hence, for both P3HT16 and P3HT144 it can be expected that the emitting sites adopt a similar, random entropic conformation both in the good solvent chloroform and in the bad solvent n-hexadecane.
Distributions of ZPL Positions: Torsional Disorder of the Emitting Sites. The distributions of the spectral positions of the ZPLs, plotted in Figures 1e,f, are virtually independent of chain length as well. The histograms are centered at 18 806 cm −1 (2.33 eV) and 18 888 cm −1 (2.34 eV) for the short and long chains, respectively. Furthermore, these distributions feature a remarkably narrow width (fwhm) of only 480 cm −1 (60 meV) for P3HT16 and 300 cm −1 (37.5 meV) for P3HT144, which is substantially narrower than the inhomogeneous line width of bulk PL spectra (see Figure 2a , Figures S1 and S4). We exclude preferential excitation of subensembles of P3HT chains because we employed different excitation wavelengths (see Supporting Information, Methods section). These defined ZPL distributions indicate, on the one hand, very small variations of dispersive interactions with the local environment from chain to chain. 44 On the other hand, they imply only small variations of the dihedral angle between thiophene rings around a mean angle, i.e., a small degree of torsional disorder of the emitting site. 45−48 Here, the mean dihedral angle is rather large with 35°−50°4 9,50 because we have frozen in the ground state conformation that single P3HT chains adopt in solution (see above). The slightly broader ZPL histogram for P3HT16 compared to P3HT144 may be related to the single regiodefect per chain introduced by our synthetic route, which influences the torsional disorder of the emitting site of a short chain to a greater extend with respect to a longer chain. 47, 49, 51, 52 Our interpretation of only small torsional disorder in P3HT is supported by our recent observation of comparably narrow (<390 cm −1 or 49 meV) ZPL distributions for ladder-type oligomers and polymers, for which torsion is inhibited by synthesis. 32 When comparing the single-chain ZPL distribution with the corresponding low-temperature PL spectrum of a disordered (amorphous) film (both P3HT16, Figure 2a) , we find that the ZPL distribution is not only much narrower but also significantly shifted by about 1200 cm −1 (∼150 meV) to higher energies with respect to the bulk data. This discrepancy is rather remarkable because the amorphous film PL is usually associated with largely noninteracting chain segments (sites) with disordered conformations that are transferred from solution by drop-or spin-casting. Because the conformation of the emitting sites does not depend on solvent, the conformation should be similar in both bulk and single-chain experiments (see also Supporting Information, section 4). Moreover, the electron−phonon coupling to low-energy phonon modes is only weak as shown by our single-chain spectra (Figure 1a,b) . Consequently, the inhomogeneously broadened electronic line shape of the film spectrum in Figure   Figure 2 . Concentration-dependent PL spectra of P3HT at low temperatures. (a) PL spectrum from a disordered (amorphous) region of a thin P3HT16 film (gray line) and the ZPL distribution of isolated P3HT16 chains (red bars). The PL spectrum of a single P3HT16 chain is shown as light red line. (b) PL spectra of P3HT16 at different concentrations in n-hexadecane. The concentration increases from 0.3 nM up to 10 μM (from bottom to top curve). Upon increasing the concentration, the sharp ZPLs of isolated chains disappear and broad, unstructured bands below ∼17 000 cm −1 appear, which are characteristic for the emission of π-stacked aggregates with moderate order. Notably, at energies between 17 300 and 18 000 cm −1 no transitions are observed at any concentration. 2a should be identical to the spectral distribution of ZPL positions, the so-called inhomogeneous distribution function. 44,53−56 Obviously, this is not the case for P3HT, in contrast to e.g. ladder-type (p-phenylenes). 32 Bridging the Gap between Single-Chain and Ensemble Level. To resolve this discrepancy between bulk and single-chain data, we propose that in disordered ensembles (films and solutions) the emitting sites are predominantly species that are formed by chain−chain contacts due to the high concentrations involved (with respect to single-molecule experiments). Such chain−chain contacts tend to partially planarize the P3HT backbone, and at the same time the close proximity between chain segments gives rise to electronic Coulomb coupling between their transition dipole moments (importantly, this does not imply perfect π−π-stacking of chains). Both effects cause the noticeable red-shift and line broadening of (disordered) bulk spectra (see below). In contrast, we attribute the envelopes of the histograms of the single-chain ZPLs to the intrinsic inhomogeneous line shape of the emitting species of P3HT chains without chain−chain interactions. Notably, the nearly identical ZPL distributions for P3HT16 and P3HT144 (Figure 1e,f) indicate that even the long P3HT144 (M n ∼ 24 kDa) does not form low-energy emitting sites at the single-chain level due to e.g. back-folding of the backbone on itself.
The strong tendency of P3HT to form chain−chain contacts is demonstrated by concentration-dependent measurements specifically on the short P3HT16 embedded in n-hexadecane (Figure 2b ) because P3HT16 is usually less prone to aggregation and back-folding does not occur: 22 At the lowest concentration (0.3 nM) only a single ZPL is observed; i.e., only spatially isolated chains exist. Upon slightly increasing the concentration (1−10 nM), several P3HT16 chains, each with a single ZPL between 18 500 and 19 000 cm −1 (2.25 and 2.35 eV, cf. Figures 1e,f) , are in the confocal excitation spot. At the same time an additional broad and red-shifted feature appears around 16 500 cm −1 (2.05 eV), which is characteristic for π-stacked aggregates with moderate order. 6 For higher concentrations (≥100 nM) exclusively aggregate emission prevails.
It is very intriguing, though in line with recent work by vanden Bout et al., 57 to find aggregates already at concentrations of ∼1 nM in the P3HT16/n-hexadecane samples. This corresponds to ∼50 nM in the P3HT16/ chloroform solution, prior to the last dilution step into nhexadecane and shock-freezing. Hence, even in the good solvent chloroform at such low concentration a significant fraction of chains must exist that interact by van der Waals forces between their π-electron systems. In chloroform solution, these interactions do not force the chains into ordered π-stacks; they rather lead to bundling of short segments of neighboring P3HT chains ("loose" aggregation), which is in dynamic equilibrium with spatially isolated chains. Upon adding n-hexadecane, the bundled segments will rearrange into more ordered π-stacked H-type structures to avoid this bad solvent. The presence of loose P3HT aggregates with a hydrodynamic radius of 50−60 nm in good solvents was verified in light-scattering experiments. 19, 58 In amorphous regions of rr-P3HT films, Russell et al. have recently identified domains with very short-range order, 59 which should be characteristic for loose aggregates. In fact, comparing Figures  2a and 2b suggests that the PL of an amorphous film is a superposition of emission from disordered, noninteracting sites and predominantly from loose aggregates that emit probably in the range between 16 500 and 18 500 cm −1 (between π-stacked structures and isolated chains). As shown above, both species already exist in (dilute) solution using good solvents and are then transferred to films.
TDDFT Calculations: Impact of Torsional Disorder and Long-Range Electronic Coupling. To gain quantitative insights into the magnitudes of the spectral red-shifts due to partial planarization and electronic coupling associated with the formation of loose aggregates, we performed time-dependent density functional theory (TDDFT) simulations. These calculations are based on a nonempirical optimally tuned range separated hybrid, 60−62 in which excited states are obtained in excellent agreement with experimental results 43 and with self-consistent many-body BSE-GW. 63 The influence of planarization is estimated by comparing the transition energy between the ground state and the lowestenergy optically allowed excited state of an isolated planar thiophene chain with that of a torsionally disordered chain obtained by MD simulations prior to the TDDFT calculations (P3HT with 16 repeating units; for details see Figures S5−S7) . The results show that the effective conjugation length increases from about 6 to 10 repeating units with a concomitant decrease of the transition energy of up to about 4800 cm −1 (0.6 eV) when going from a torsionally disordered to a planar backbone. The effect of planarization on the transition energies in our experiments can be expected to be much smaller because planarization is certainly not complete upon loose aggregation. 6 Hence, our calculations yield an upper bound for the shift between single-chain and ensemble PL, and our experimental findings are well within that bound.
In the next step we calculated the spectral shift of the lowest energy transition for an electronically coupled H-type dimer with two planar cofacially arranged oligothiophenes with 6 or 12 repeating units as a function of distance between the chains ( Figure S8 ). We find that already at distances of 4.9 Å, larger than the typical π-stacking distance of ∼3.8 Å, 64 the lowest energy transition of the dimer is red-shifted by about 1750 cm −1 (∼0.22 eV) with respect to that of an isolated, planar chain. Notably, this electronic coupling in the dimer is rather long range, and even for chain−chain distances of ∼8 Å the dimer's lowest-energy transition is still red-shifted by ∼900 cm −1 (0.11 eV), in agreement with previous calculations. 65 In ensembles the geometric arrangement of interacting chain segments (in loose aggregates) as well as their torsional disorder will vary strongly. Orientations distinct from perfect cofacial arrangements tend to reduce the Coulomb coupling, i.e., reduce the red-shift, whereas higher intrachain disorder (for a given mutual arrangement) localizes electronic excitations and enhances electronic chain−chain couplings, 11, 65 which increases the red-shift.
■ CONCLUDING DISCUSSION
For the prototypical conjugated polymer P3HT, we investigated the discrepancies between the PL spectra of single chains and of amorphous films, in which disordered P3HT chains are usually thought of as noninteracting in the sense that spectral shifts due to Coulomb coupling between transition dipole moments do not play a role. We found that the singlechain ZPL distributions are blue-shifted by about 1200 cm −1 (∼150 meV) in comparison to the electronic transition in the amorphous film PL spectrum; moreover, the inhomogeneous line width in the film is significantly broadened. Based on TDDFT calculations, this spectral shift can be accounted for by partial backbone planarization and concomitant electronic coupling between transition dipole moments upon bundling of P3HT chain segments, i.e., by the formation of loose aggregates in bulk samples as illustrated in Figure 3 . The precise value for the red-shift is determined by the interplay between the mutual spatial arrangement of P3HT chain segments, their degree of planarization, and π-electron delocalization; the strong variations of these parameters in a disordered ensemble gives rise to the broad inhomogeneous line width of bulk spectra.
Importantly, in concentration-dependent measurements we provided evidence that loose aggregates are the dominating emitting species also in (dilute) P3HT solutions using good solvents, such as chloroform. Although one should be careful comparing low and room temperature data, we find that in the latter (P3HT in chloroform solution, Figure S1 ) the relative intensity of the (effective) carbon-bond stretch modes with respect to the electronic transition appears to be higher than in the single-chain PL spectra (Figure 1a,b) . Because the Huang− Rhys factor for these high-energy modes (∼1400 cm −1 or 175 meV) is rather independent of temperature, 66 this change in relative intensity indicates H-type electronic interactions between chain segments in loose aggregates 3, 11, 67 that exist in solution. Hence, while planarization is probably the dominating contribution to the observed red-shift from single chains to bulk, the influence of electronic coupling between chain segments is certainly not negligible.
Ultimately, loose aggregates can be forced to rearrange into ordered π-stacked H-aggregates by annealing of films or by reducing solvent quality (e.g., decrease of temperature, admixture of a bad solvent 4, 6, 68 ). Such H-aggregated P3HT chains feature a characteristic spectrum (Figure 3 , thick solid line) with the further red-shifted electronic transition at 15 500 cm −1 (1.9 eV), a distorted vibrational progression due to strong electronic Coulomb coupling (of up to 1600 cm −1 or 200 meV) between chains, 3, 4, 65 and an inhomogeneous line width of only 760 cm −1 (95 meV) 68 reflecting a higher degree of order compared to solutions and disordered films. It is noteworthy that in another prototypical conjugated polymer, MEH-PPV, a similar spectral red-shift from single chains to solutions and films was observed. 69 However, in contrast to P3HT, for MEH-PPV this red-shift was shown to be exclusively caused by chain planarization, i.e., reduced conformational disorder, and not by interchain coupling. 69−71 This is probably related to a different packing with larger center-of-mass distance between neighboring chains in MEH-PPV aggregates because, for instance, distyrylbenzenes, substituted with methoxy groups at the central ring, form only weakly coupled H-type aggregates. 72 In contrast to ensembles with their broad inhomogeneous line widths, single spatially isolated P3HT chains appear to be a remarkably well-defined system independent of the molecular weight. The very narrow (<480 cm ) ZPL distributions demonstrate that the degree of (torsional) disorder is very small, at least on length scales of the emitting sites, which is about 5−6 repeating units based on our TDDFT calculations. This length scale is in good agreement with the coherence length of the emitting site defined by Spano, Barford, and coworkers, 45, 73, 74 who describe isolated conjugated polymer chains as J-type aggregates with the repeating units as building blocks (see Supporting Information, section 6). A conjugated polymer with a similar low degree of disorder as P3HT is e.g. represented by ladder-type (p-phenylene), LPP, 32 in which the backbone is forced into a rigid, ordered structure by synthesis. The prototypical example for an ordered system is a defect-free single polydiacetylene (PDA) chain embedded in its own monomer crystal as extensively investigated by Schott et al. 75−77 The common motif in the PL spectra of P3HT, LPP, and PDA is that the ZPLs are the most intense transitions, with the relative ZPL intensity showing an increasing trend in the order P3HT, LPP, PDA. Within the framework of the Jaggregate theory by Spano et al., this trend implies an increase in the coherence length in the same order. In particular, in PDA the ZPL intensity is strongly enhanced at low temperatures (about 100 times stronger than the intensities of the carbonbond stretch modes), which yields a coherence length of several micrometers, 78 as indeed observed. 76, 79 Although our single-chain P3HT spectra are reminiscent of the high-energy "blue-site" emission, 13−15 which was attributed to stem from sites with exceptionally short effective conjugation length, we provided evidence that those "blue sites" are the emitting species of isolated poly(3-alkylthiophenes) without chain−chain interactions. We note that the ZPL energies measured here are also in good quantitative agreement with recent calculations on isolated P3HT chains at low temper- Figure 3 . Bridging the gap between the single-chain ZPL distributions and the ensemble PL spectra. The single-chain spectrum (red line) and the corresponding histogram of ZPL positions at ∼19 000 cm −1 (red bars) result from PL of single sites on isolated, disordered P3HT16 chains. The ensemble PL spectrum from disordered regions of a thin P3HT16 film (gray line) is red-shifted due to the formation of loose aggregates with concomitant planarization of P3HT segments and interchain electronic interaction. Finally, in ordered regions of P3HT films PL below 16 000 cm −1 is observed (black), which results from π-stacked H-type aggregates with strong interchain electronic interaction. This situation is shown at the top with the illustration of an isolated chain (right), a loose aggregate prevailing in disordered films (and solutions, center), and a π-stacked H-aggregate (left). The gray shaded areas indicate the spatial extend of the excited state of the emitting species. The corresponding energy level schemes demonstrate that aggregation-induced planarization and the concomitant electronic coupling of neighboring chains leads to the formation of exciton bands, which results in red-shifted emission for both loose and π-stacked aggregates.
atures. 50 "Solution" and "red site" emission (as defined above in the Introduction) often found in single-chain experiments are thus already a result of (loose) aggregation, which is difficult to avoid even at very low concentrations in good solvents.
Our results on single P3HT chains have strong implications for theoretical concepts that aim at describing the nature of electronic excitations in ordered P3HT films and nanostructures, such as H or HJ models put forward by Spano and coworkers. 3, 11, 80 In such models, solution spectra are usually the starting point and are assumed to represent the PL/absorption of isolated, noninteracting chains. However, our data clearly show that this "solution approach" has several shortcomings: First, this approach strongly underestimates the spectral redshift from isolated chains to densely π-stacked aggregates in films and nanostructures. Second, the single-chain Huang− Rhys parameter for the carbon-stretching modes is usually retrieved from solution spectra (and is thus about unity). However, our data clearly show that emission from loosely aggregated chains dominates the solution PL, and hence this approach overestimates the single-chain Huang−Rhys factor (although we note that the Huang−Rhys factor determined from our PL spectra varies from chain to chain due to variations of the conjugation or coherence length of the emitting site; in this sense there is no well-defined Huang−Rhys parameter for a single chain). Finally, the "solution approach" strongly overestimates energy disorder of isolated chains because the inhomogeneous width of the electronic transition in solution spectra is much larger than that of the single-chain ZPL distributions. Hence, our data may help to improve the modeling and prediction of the properties of electronically excited states in device relevant P3HT films.
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